Abstract Sleep has been shown to benefit memory consolidation for certain motor skills, but it remains unclear if this relationship exists for motor skills with direct rehabilitation applications. We aimed to determine the neurobehavioral relationship between finger-tracking skill development and sleep following skill training in young, healthy subjects. Forty subjects received tracking training in the morning (n = 20) or the evening (n = 20). Measures of tracking skill and cortical excitability were collected before and after training. Following training, tracking skill and measures of cortical excitability were assessed at two additional follow-up visits (12 and 24 h post-training) for each subject following an episode of sleep or waking activity. Two-way repeated-measures ANOVAs with Bonferroni-adjusted post hoc tests were conducted for tracking accuracy and measures of cortical excitability. Skill performance improved after training and continued to develop offline during the first post-training interval (12 h). This development was not further enhanced by sleep during this interval. Level of skill improvement was maintained for at least one day in both training groups. Cortical excitability was reduced following training and was related to level of skill performance at follow-up assessment. These data suggest offline memory consolidation of a continuous, visuospatial, finger-tracking skill is not dependent on sleep. These findings are in agreement with recent literature, indicating characteristics of a motor skill may be sensitive to the beneficial effect of sleep on posttraining information processing.
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Background
A considerable body of literature has supported a beneficial role of sleep in implicit sequence skill learning and enhanced memory consolidation (Walker et al. 2002 (Walker et al. , 2003b Kuriyama et al. 2004) . Consolidation is the neural processing of newly acquired information resulting in retention over time and resistance to interference. In some cases, the information is not only retained following acquisition but may also continue to develop, resulting in enhanced skill performance at retention testing (Robertson et al. 2004 Cohen et al. 2005) .
Motor skills are comprised of multiple components dedicated to specific neural circuits that may be differentially affected by skill training paradigms and posttraining activity (Hikosaka et al. 1998 (Hikosaka et al. , 2002 Cohen and Robertson 2007) . Explicit awareness of motor skill acquisition has demonstrated sleep-dependent performance gains that are not observed solely with the passage of time (Robertson et al. 2004) . It also appears that sleep preferentially benefits goal-directed (Cohen et al. 2005) and complex motor skill learning (Kuriyama et al. motor sequencing skill improvement occurs only during a waking interval, while goal-based sequence skill enhancement requires sleep following training (Cohen et al. 2005; Cohen and Robertson 2007) . Relatedly, performance on a dynamic force field adaptation task was compared to an explicit version of a four-element serial reaction time task (SRTT) after an interval consisting of waking activity or one interval containing sleep (Doyon et al. 2009 ). Results indicated that SRTT performance was enhanced following sleep, while adaptation performance was improved with the simple passage of time (Doyon et al. 2009 ). These findings contrast previous sequencing and adaptation results by showing that not all motor tasks undergo sleep-dependent enhancement (Goedert et al. 2002; Tucker et al. 2006) but may support a preferential role for sleep in enhancing the consolidation of explicit information associated with a given motor skill.
Previous work using various neuroimaging approaches has demonstrated involvement of the contralateral primary motor cortex (M1) in skill acquisition and post-training memory consolidation (Karni et al. 1995; Muellbacher et al. 2001; Hotermans et al. 2008) . A number of studies have shown substantial changes in cortical representation following skill training that are specific to the trained cortical representation in M1 (Classen et al. 1998; Muellbacher et al. 2001; Huber et al. 2004) . Specifically, transcranial magnetic stimulation (TMS) can probe relationships between local brain activity and motor skill performance. Using TMS, increases in M1 excitability immediately following different skill training paradigms have been observed Gallasch et al. 2009 ). In contrast, following visuomotor tracking training, M1 excitability was decreased (Borich et al. 2011) . Importantly, these changes in excitability are transient and appear to occur early during the skill acquisition phase of motor learning (Ziemann et al. , 2004 Floyer-Lea and Matthews 2004) , The relationship between cortical excitability and motor skill development remains largely unknown.
Sleep has been shown to benefit consolidation of certain motor skills that have been recently acquired, but it remains unclear whether this benefit also applies to explicit, continuous, goal-directed motor skills that have direct applications to rehabilitation (Carey et al. 2002; Kimberley et al. 2004) . Additionally, despite the intensity of inquiry into the relationship between sleep and motor learning, the associated neural mechanisms are not well characterized. Thus, purpose of this investigation was to: (1) evaluate the role of sleep in the time course of novel visuospatial motor skill learning and (2) examine the neural processes underlying this learning.
Methods

Experimental design
A single-blind, pseudo-randomized design was employed, whereby forty right-handed healthy subjects were assigned to either: (1) day skill training (age: 23.2 ± 3.9 years, 10F) or (2) night skill training (age: 21.9 ± 3.8 years, 10F). All subjects were recruited through the use of University and local community advertisement. Standard exclusion criteria for TMS were used (Rossi et al. 2009 ). At the initial visit, all subjects gave written and informed consent according to the Declaration of Helsinki. Handedness was determined by the Edinburgh Handedness Inventory (EHI) (Oldfield 1971) . Subjects completed finger-tracking (FT) and cortical excitability (CE) assessments prior to, and following, one twenty-minute skilled finger-tracking training session. All subjects participated in three visits, each separated by 12 h, where the initial visit occurred either in the morning (8 am) or evening (8 pm) depending on group assignment. After the first 12-h interval consisting of normal waking activity or an interval containing sleep, each subject returned for follow-up assessments of FT and CE without further training exposure. After another 12-h interval containing sleep or waking activity, subjects returned for a second follow-up assessment, 24 h after training (Fig. 1a) . All subjects kept a sleep diary for the nights before and during participation to subjectively monitor sleep. Wrist actigraphy was performed the night prior to training and the night after training to objectively measure sleep quality (Sadeh et al. 1994; Morgenthaler et al. 2007 ).
TMS targeting of M1 and cortical excitability assessment
While seated, subjects wore a tight-fitting Lycra swimming cap to mark the optimal scalp position for stimulation. Earplugs were worn by the subjects to prevent auditory threshold shifts and minimize stimulation-associated noise. Silver/silver chloride disposable electrodes were affixed in a belly-tendon montage of the right first dorsal interosseous muscle (FDI). To determine resting and 1 mV motor thresholds (rMT and 1 mVT), the arm was placed in a relaxed, comfortable position to minimize muscle activation in the limb. Alligator clip lead wires were attached to each electrode and connected to a Cadwell Sierra amplifier (Cadwell Laboratory, Washington) (sensitivity: 100 lv/ div, filter: 20-2,000 Hz). Electromyographic (EMG) signals were acquired at a sampling rate of 2,560 kHz for 100 ms, with a 10-ms pre-stimulus epoch to monitor prestimulation activation to ensure the muscle remained at rest. For active motor threshold (aMT) determination, subjects were asked to actively abduct the second digit (5-10% of maximum voluntary contraction of FDI (Rosler et al. 2002 ) against a strain gauge coupled to a load cell. Continuous visual feedback of contraction level was provided on a computer display in front of the subject.
To find the optimal position for activating the FDI, a 70-mm figure-eight TMS coil connected to a Magstim rapid magnetic stimulator (Magstim Co Ltd. Dyfed, UK) was used. The coil was held tangentially to the skull with the handle directed 45°posterolateral to the midsagittal line of the skull producing a posterior-anterior current flow in the brain (Sakai et al. 1997) . Single-pulse magnetic stimuli were delivered to the scalp location overlying the presupposed M1 locus for optimal FDI activation at approximately 0.1 Hz starting at an intensity of 50% of the maximum stimulator output (MSO). For rMT determination, level of intensity was adjusted systematically until the rMT was found, defined as the minimum intensity required to elicit MEPs [ 50 lV peak-to-peak in at least 5 of 10 trials of FDI at rest (Rossini et al. 1999) . Once intensity was identified, the location of coil was moved 1 cm anteriorly, posteriorly, medially and laterally to assess responsiveness of neighboring regions to stimulation. The locus for subsequent TMS procedure was determined by the location demonstrating the lowest rMT. This location was then used to determine intensity level of aMT and 1mVT. The same procedure was used for aMT determination except the MEP response threshold had to exceed 200 lV peak-to-peak in at least 5 of 10 trials (Rossini et al. 1999) . For 1 mVT, stimulus intensity was varied until MEPs of *1 mV were consistently evoked (Sanger et al. 2001) . Using these identified intensities, measures of cortical excitability were then collected.
Four primary measures of cortical excitability were collected: (1) single-pulse (SP) MEPs, (2) paired-pulse (PP) MEP ratios (3/10 ms), (3) cortical silent period duration (CSP) (ms) and (4) motor threshold stimulation intensity (rMT, aMT, 1mVT) (% MSO) (Fig. 1b) . Twenty SP MEP trials were collected (gain: 500 lv/div, filter: 20-200 Hz, sweep interval: 10 ms/division) using a 1 mVT test pulse. Paired-pulse MEPs were collected to assess short-interval intracortical inhibition (SICI) and intracortical facilitation (ICF), where a subthreshold (90% aMT) conditioning pulse was delivered at a short (3 ms) or long (10 ms) interstimulus (Inghilleri et al. 1996) Exp Brain Res (2011) 214:619-630 621 interval prior to 1 mVT test pulse delivery (Kujirai et al. 1993; Ziemann et al. 1996c) . Paired TMS stimuli were delivered with two Magstim 200 devices connected through a Magstim BiStim 2 Module (Magstim Co LTD, Whitland, UK) through a standard 70-mm coil over the previously identified location of FDI activation while the hand was at rest. Ten trials were collected for each ISI alternating between ISIs every two trials to minimize priming effects. Peak-to-peak amplitudes were identified offline for each MEP collected. Data were then indexed to the mean SP MEP amplitude (n = 20 trials) for the same assessment session (PP MEP/SP MEP " x ) (Maeda et al. 2002) .
To determine CSP duration, subjects performed a sustained abduction force (20% maximum voluntary contraction) of the index finger against a strain gauge coupled to a load cell. Force output was transduced and displayed on a computer screen placed in front of the subject. Subjects were asked to maintain this contraction for 6 s while a single test pulse (150% aMT) was administered. Trials were collected every 20 s to prevent fatigue and summative effects of the stimulation. To determine CSP onset, the first superimposed TMS-induced EMG peak was identified. The CSP offset was defined as the resumption of sustained volitional EMG activity that surpassed 50% of the average pre-stimulus EMG activity (25 ms) (Kimberley et al. 2009 ). This TMS targeting and cortical excitability procedure was conducted in the same manner during each of the four assessments (pre-training, post-training, 12-h follow-up and 24-h follow-up).
Visuospatial motor skill assessment
To investigate motor skill performance, subjects were tested on a novel finger-tracking task involving flexion and extension movements of the right index finger. A custommade electrogoniometer, consisting of a potentiometer attached to a splint, was used (Carey et al. 1994) . When donned, the potentiometer was centered at the index finger metacarpophalangeal (MP) joint to measure change in joint position during active movement. The forearm was placed in a pronated position for testing and supported while allowing full index finger range of motion (ROM). In addition, the shoulder was allowed to rest comfortably at the side with the elbow at *90°of flexion.
Active movements involved tracking of a computergenerated target waveform moving independently at a fixed frequency from left to right on a computer display in front of the subject. After affixing the splint, subjects were verbally instructed on the goal of the tracking task as well as the dynamics of the task. Then, their finger was passively moved during one 5-s practice trial. During another 5-s trial, subjects actively tracked the target to ensure task familiarization while preserving task novelty.
During each finger-tracking (FT) assessment, there were ten consecutive 10-s tracking trials presented. Half of the trials were stimulus-response (S-R) compatible, and the other five were incompatible. In the compatible condition, the cursor moved in the same direction as finger movement, while in the incompatible condition, the cursor moved in the opposite direction of finger movement. These two conditions were randomly presented during each FT assessment. The test waveform was a triangle wave with a peak-to-peak amplitude of 15-85% of each subject's full, comfortable ROM. The tracking cursor moved at a fixed frequency of 0.6 Hz. Motor skill performance was quantified using an accuracy index (AI): AI = 100(P -E)/P, where E is the root-mean-square error between the target line and the performance line and P is the size of the target pattern defined as the root-mean-square difference between the wave and the midline separating the wave (Carey et al. 2002) . This accuracy value accounts for inter-subject differences in finger ROM to determine individual tracking performance and compare across subjects. Skill assessments were performed immediately before and after training during the initial visit and at both follow-up visits.
Visuospatial motor skill training
The same tracking apparatus and positioning were utilized for the 20-min motor skill training session. This training consisted of 105 trials separated into four 5-min training blocks with 1-min rest periods between each block to minimize fatigue and promote optimal effort and motivation. Knowledge of performance was provided visually by a cursor trace produced during each trial, but no feedback was given by the examiner to control for potential differences in feedback quantity and/or quality. Knowledge of results (KR) was provided every fifth trial in the form of an accuracy score displayed after trial completion for 1 s during the first two training blocks. In the third and fourth blocks, KR was faded and provided every tenth trial. For each 5-min training block, there were 27-30 trials with a 1-s rest in between each trial.
A host of training protocols, created by varying tracking conditions and target parameters, were used to introduce variability and promote greater depth of cognitive processing. These variations included: altering peak-to-peak amplitude of finger movement (0-100% of individual ROM), frequency (0.2-1.0 Hz), adjusting trial length (5-20 s), changing the target waveform shape (sine, cosine, sawtooth, square, random), reversing potentiometer polarity to introduce stimulus-response incompatibility (Carey et al. 1995) and modifying forearm position (full pronation or neutral). The task parameters employed during the skill assessments were not repeated in the training protocol to avoid practice-related improvements on the test waveform outside skill assessments. This training paradigm was identical for all subjects.
Actigraphic sleep assessment
Subjects were provided an actigraphy monitor (ActiSleep sleep monitor, ActiGraph TM , Pensacola, FL) the day before the initial visit. Subjects were instructed to wear the monitor on their dominant wrist during time in bed the night preceding training and the night following training to objectively assess sleep quality (Morgenthaler et al. 2007) . Movement data were collected, summated over 60-s epochs and converted to digital activity counts at 60 Hz. Sleep scoring was conducted using the ActiLife software package (v. 4.4.1, ActiGraph TM , Pensacola, FL). An adapted scoring algorithm was used to determine the sleep state for each recorded epoch across a sliding 11-min window (Sadeh et al. 1994) . Sleep diary entry was used to determine time into and out of bed. Measures of sleep quality are summarized in Fig. 1b .
Level of arousal and sleep characteristics
Self-reported measures of sleepiness and sleep quality were collected using the Stanford Sleepiness Scale (SSS) (Hoddes et al. 1973 ) Pittsburgh Sleep Quality Index (PSQI) (Buysse et al. 1989) and Epworth Sleepiness Scale (ESS) (Johns 1991) . The SSS was administered at the beginning and end of the first session and at the beginning of each follow-up session. The PSQI and ESS were administered to subjects at the beginning of the first visit.
Statistical analyses
Normality and heterogeneity of variance were assessed for each dependent measure. If violations were observed, log transform was attempted (Portney and Watkins 2000) . Differences in subject characteristics (age, handedness, PSQI, ESS and SSS) between groups were evaluated using independent samples t tests (critical a-level: P = 0.05). Baseline differences in skill performance and cortical excitability were also assessed to determine whether initial level of performance or excitability should be added to subsequent analysis steps as a covariate.
First, univariate ANOVAs were conducted to assess for trial effects for measures involving multiple trials of each collected during an assessment (mean AI collapsed across S-R compatibility conditions, measures of cortical excitability). Data were subsequently grouped based on these results, and trials were averaged across each assessment for the next stages of statistical analysis.
Repeated-measures two-way (group 9 assessment) ANOVAs were conducted for motor skill performance (AI) and cortical excitability measures. Repeated-measures ANOVAs were also conducted for actigraphy measures with main effects of night (night before initial visit and night following training) and training group. Mauchly's test was used to determine whether sphericity was violated and, if violated, Greenhouse-Geisser adjustments to degrees of freedom were applied. Partial g 2 was calculated to determine the effect size of significant results. Twotailed post hoc pairwise comparisons with Bonferroni correction for multiple comparisons were conducted for significant results.
Regression and correlational analyses were conducted to evaluate associations between tracking performance and cortical excitability. Hierarchical multiple regression analyses were used to evaluate the predictive capacity of cortical excitability for tracking performance at each assessment. For each regression analysis, correlations between predictors and dependent measures were conducted first. Using these results, order of entry in the model was determined. Zero-order, part and partial correlations were produced for each model. Colinearity between multiple predictors was evaluated using variance inflation factor (VIF) and tolerance levels. The values under 10 for VIF and above 0.1 for tolerance were critical levels for acceptable colinearity (Field 2009 ). Residual statistics and plots were produced to ensure normality and heteroscedasticity of the data (Howell 2007; Field 2009 ). DurbinWatson diagnostics were provided to ensure independence of the residuals from the regression analysis. Casewise diagnostics were used to determine extreme outliers in the model ([3SD) (Field 2009 ). Identified cases (n \ 3 for all analyses) were removed and the regression analysis was run again. The final model for each analysis was based on overall significance of each model (critical a-level: P = 0.05), and the significance level of the R 2 changes when adding a new predictor to the model.
Results
Subject characteristics
Data were normally distributed, and homogeneity of variance was confirmed for subject characteristics. There were no statistically significant differences for age, handedness, subjective sleep quality or sleepiness between day and night training groups (Fig. 1c) . Pairwise comparisons for trial indicated that trial 1 was significantly different than the other 4 trials (mean AI difference ± SE: 8.7 ± 1.4%, P \ 0.005). For the trial-byassessment interaction, simple effects analyses indicated that trial 1 AI scores were lower than all other trials at pre-training (mean AI difference ± SE: 23.8 ± 2.0%, P \ 0.05). At 12-h follow-up, trial 1 AI scores were lower than trials 3-5 (mean AI difference ± SE: 6.3 ± 1.9%, P \ 0.05). No differences between trials were noted at post-training or 24-h follow-up. Trial 1 was subsequently evaluated separately from trials 2-5. For assessment of trial 1 only, RM ANOVAs revealed a significant main effect of assessment [F(1.77, 61.84) = 67.70, P \ 0.001, partial g 2 = 0.66]. For both training groups, pre-training AI scores were lower than the other three assessments (mean AI difference ± SE: 31.2 ± 3.5%, P \ 0.05), and the two follow-up assessments did not differ significantly from post-training scores (Fig. 2) .
For trials 2-5, results demonstrated a significant main effect of assessment for mean AI [F(2.14, 74.88) = 30.92, P \ 0.001, partial g 2 = 0.47]. Pairwise comparisons indicated that pre-training AI was lower than for all other assessments (mean AI difference ± SE: 11.1 ± 1.4%, P \ 0.008). Also, AI scores at both follow-up assessments were higher compared to post-training (Fig. 2 ) (mean AI difference ± SE: 5.6 ± 1.3%, P \ 0.05). There was no observed effect of training group or an interaction between group and assessment.
Measures of contralateral M1 cortical excitability Data were found to significantly violate the assumptions of normality for SP MEP, SICI and ICF. Following successful log transformation, no significant differences in SP MEP, SICI or ICF were observed between groups or across assessments. Data were normally distributed for CSP across all subjects. No significant group or assessment differences in CSP duration were observed, nor was an interaction between main effects seen. Data were normally distributed for each threshold (rMT, aMT and 1mVT). For rMT, there was a main effect of assessment [F(2.32, 81.27) = 4.96, P = 0.007, partial g 2 = 0.12]. Pairwise comparisons revealed that rMT was higher following training (P \ 0.008) compared with other assessments (Fig. 3) . Multivariate tests did demonstrate a significant interaction effect for this term [Wilks' k = 0.78, F(3,33) = 3.085, P = 0.04, partial 
Actigraphic assessment of sleep quality
Measures of sleep quality did not substantially violate the assumptions of normality and homogeneity of variance. No significant differences between training groups and nights of sleep were found, nor was an interaction effect between group and night observed (P [ 0.05). Fig. 2 Changes in skill performance (AI ± SE) across assessments. Pre-training tracking accuracy was significantly lower than those of all assessments after training when assessing both trial 1 alone and trials 2-5 (*P \ 0.0001). Tracking skill continued to develop following training, and improvements were maintained for at least one day after training (**P \ 0.012). No differences in skill performance were observed between day and night training groups Fig. 3 Cortical excitability was reduced following training (%MSO ± SE). Across training groups, rMT values were increased after training, indicating reduced cortical excitability, compared to pre-training and both follow-up assessments (*P \ 0.05), MSO maximum stimulator output Relationship between tracking performance and cortical excitability AI was not significantly related to SP or PP measures of CE at pre-or post-training. At 12-h follow-up, SICI and ICF were correlated with AI, r = -0.50, -0.54, and predictive of AI, R 2 = 0.48, bs = -0.08, -0.15 (Fig. 4) . When examining the day training group at 12-h follow-up, SICI remained correlated with AI, r = -0.42, but ICF was no longer significantly related to AI. The regression model was also not significant for SICI and ICF. In the night training group, SICI was not significantly associated with AI, r = -0.34, but ICF was correlated with AI, r = -0.65. The regression model exhibited significant predictive value of SICI and ICF for AI, R 2 = 0.45, bs = -0.03, -0.17 for the night group. At 24-h assessment, PP measures were not predictive of variance of tracking accuracy in either group.
Tracking performance was not correlated with CSP at any assessment for either group.
At pre-training assessment, AI was positively correlated with rMT, r = 0.25, P \ 0.05, but not with aMT or 1 mVT. As the sole predictor, rMT was not a significant predictor of the variance in AI, R 2 = 0.06, b = 0.25, P = 0.08. When 1 mVT was added in the model, the model reached significance, R 2 = 0.16, bs = -0.65, -0.50, P = 0.02. A significant relationship was not observed between thresholds and AI immediately following training or at follow-up assessments.
Discussion
The primary results of this work support previous literature indicating that motor skills can continue to develop following training but sleep following training did not confer additional benefits to this observed offline skill development. A second major finding was that measures of cortical excitability were modified by skill training and predictive of tracking skill performance 12 h after training.
Sleep and skill learning
Finger-tracking skill performance improved following training, and improvement was not only retained after 12-and 24-h intervals but was also enhanced compared to post-training level of skill. This enhancement was not significantly greater after an interval containing sleep versus an interval containing only waking activity following training. These findings suggest that time of day did not significantly affect initial skill acquisition or immediate performance. The improvement in skill performance demonstrates that rapid skill acquisition occurred for this goal-directed, visuospatial finger-tracking skill. These data extend previous results for a similar training paradigm (Borich et al. 2011) by investigating the role of sleep in the offline consolidation of tracking skill after training.
Sleep has been shown to benefit learning for a number of motor skills (Stickgold et al. 2000a; Walker et al. 2002; Huber et al. 2004 ) yet here, results did not indicate a substantive benefit of sleep following training compared to an equivalent period of waking activity. It was hypothesized that the skill employed here may preferentially benefit from sleep following training due to the complexity of the task. The task required continuous visuomotor processing to accurately track a moving target and was designed as a more complex motor skill than skills used in previous experimental designs (Stickgold et al. 2000b; Walker et al. 2002; Robertson et al. 2005) . However, this Fig. 4 The relationship between intracortical excitability and tracking accuracy was significant at 12-h follow-up assessment across training groups. Left Greater intracortical inhibition (SICI) was associated with better tracking accuracy (AI). Right Lower intracortical facilitation (ICF) was associated with higher AI values.
Together, level of intracortical excitability was predictive of tracking accuracy at 12-h follow-up assessment where lower levels of excitability were associated with better skill performance, R 2 = 0.48, P \ 0.0001 Exp Brain Res (2011) 214:619-630 625 may not have been the case. Although the tracking apparatus is novel, controlled movements of the dominant index finger with on-line movement correction occur repeatedly during daily skills. This does make the selected motor task an attractive tool to assess 'real life' motor ability and functional hand control in patient populations (Carey et al. 2002; Bhatt et al. 2007 ), but it may lack the required complexity to challenge a healthy neuromuscular system. Supporting this speculation were the rapid improvements in tracking performance observed within the first skill assessment. As discussed previously, sleep has been shown to benefit tasks that are more complex (Kuriyama et al. 2004; Robertson et al. 2004; Cohen et al. 2005) while the mere passage of time provides greater benefit to less complex motor skills (Cohen et al. 2005; Cohen and Robertson 2007) . Previous work demonstrating a beneficial effect of sleep in post-training skill development has primarily utilized serial reaction finger-tapping sequence learning (Walker et al. 2003a; Kuriyama et al. 2004; Robertson et al. 2005) , where skill is acquired without conscious awareness. Skill can also be explicitly acquired with this task paradigm (Robertson et al. 2004; Doyon et al. 2009 ). Reaction time and number of repeated sequences completed correctly are usual indicators of performance. In both sequence learning paradigms, robust enhancement of skill performance in terms of reaction time, but not accuracy, is observed after a night of sleep. Results also suggest that explicit awareness of the task and increased complexity of the task benefit from sleep to a greater extent than simple, implicit sequence learning (Kuriyama et al. 2004; Robertson et al. 2004; Cohen et al. 2005) .
Sequential tapping motor skill learning may have limited ''real life'' application to (re)learning of functional skills although serial reaction time learning impairments have been observed in clinical populations (Ferraro et al. 1993; Willingham et al. 1997) . The main transferrable component of this skill is the discrete nature of the task since many functional activities are multistep processes. Yet, these multistep processes are primarily learned with explicit awareness of the goal of the task and the outcome of the movement produced. Also, the multistep nature of functional tasks typically occurs over a different time span compared to repeated sequencing of finger movements as quickly as possible. Finger-sequence learning also differs from most functional skills in terms of the perceptual demands required for successful performance. Finger tapping uses a visual cue presented sequentially to prompt a key press but rarely is feedback provided to allow for online performance adjustment. Therefore, minimal feedforward or feedback processing is required to complete the task successfully. As a result, it is likely that this skill uses different motor control strategies based on the time constraints and information used to produce skilled movement compared functional motor skills (Schmidt 2005) .
Relatedly, reaction time as a measure of skill proficiency has limited application to functional task performance. Skills are rarely performed with speed of movement as the goal. Far more often, the quality or accuracy of the movement is what is meaningful. The differences between discrete finger-tapping sequence learning and continuous visuospatial finger-tracking learning are substantial enough to explain the apparent discrepancy in the beneficial role for sleep in offline memory enhancement for these two types of motor skill. Other motor learning paradigms are in agreement with the findings from this investigation, suggesting sleep-dependent motor skill memory enhancement is contingent on the nature of the skill to be learned.
The influence of sleep on motor skill learning has also been examined using two other types of motor skills that are continuous in nature: dynamic visuomotor adaptation and implicit visuospatial tracking. In both paradigms, movement is continuous, and a continuous kinematic measure of accuracy is collected, usually pathway deviation. It has been shown that in either case, offline motor skill stabilization and even enhancement occur following training that is not dependent on sleep during this stage in young, healthy individuals (Shadmehr and Brashers-Krug 1997; Doyon et al. 2009 ). Another motor skill that shares many common features with the finger-tracking task employed here is implicit visuospatial tracking skill, where the subject is able to see the target and the cursor but visual feedforward or feedback information is not available. Using this task, Siengsukon and Boyd (2008) demonstrated the absence of offline skill enhancement in young, healthy individuals following sleep. Additionally, no increases in tracking accuracy were observed following waking. These data support previous conclusions that certain implicit skill learning does not benefit significantly from sleep and were extended to a continuous tracking skill. The additional explicit information provided here did not result in sleepdependent offline consolidation of finger-tracking skill but did benefit from the passage of time following training for continued skill development.
Another factor to consider in sleep and motor skill learning paradigms is the effect of circadian rhythms and time of day of training and/or skill assessment. Recent investigations have begun to separate these effects by training subjects and assessing skill performance at different times of day. Keisler et al. (2007) showed that skill performance improvements overnight were not significantly greater than improvements observed for a group that had the same amount of skill practice but did not sleep between assessments. These data highlight the limitation of assessing skill performance only before and after sleep since the overnight improvements observed may simply be a recovery of skill performance, rather than an actual indicator of skill learning. The authors argue that the results indicate that the systematic variance in time of day creates a significant confound in typical sleep and learning studies. A similar training paradigm corroborated (Cai et al. 2009 ) these findings and contrasted previous work, indicating a significant role for sleep in the offline consolidation of sequence skill learning (Fischer et al. 2002; Walker et al. 2002 Walker et al. , 2003a .
Our work has attempted to control for this potential confounding effect by assessing performance of all subjects after an interval with and without sleep after training has occurred. Our findings suggest that sleep did not simply reverse the negative time of day effect of skill performance assessment in the evening immediately following training since subjects trained during the day also demonstrated similar performance improvement over a day of waking activity. Additionally, improvements at 12-h follow-up, regardless of time of assessment, were maintained at 24-h follow-up. Therefore, this study design demonstrated offline skill consolidation that could not be explained by factors solely associated with time of day such as fatigue, motivation or attention (Matthews et al. 2000) .
In an effort to control for practice effects that may have been associated with repeated trials of the same waveform, within-assessment analyses were conducted to evaluate trial-by-trial tracking performance. During pre-training skill assessment, there was a significant improvement from the first trial to the next four trials. Importantly, this withinassessment trial effect was only observed at pre-training. This suggests that between-session skill consolidation was not due to practice-dependent improvement within a given assessment but, rather, retention of previously acquired information over time. This does not preclude the potential that subtle within-assessment skill improvements occurred during retention testing, but it does indicate that skill acquired during the initial visit was retained for at least 24 h following training regardless of experimental group. The lack of within-assessment differences between trials immediately following training supports that asymptotic performance occurred and the lack of a trial effect at either 12-h follow-up session argues against significant improvements in tracking skill performance due to repeated exposure to the test waveform. These results indicate that the majority of skill acquisition took place during the pre-training assessment and between-session skill retention occurred for the acquired information that was not influenced by type of post-training interval.
Taken together, our results combined with previous work argue that the beneficial effect of sleep on post-training information processing is task-dependent. It appears that continuous, explicit, visuospatial finger-tracking skill development is not sensitive to post-training level of activity or arousal. These findings, combined with previous studies, suggest that sleep-dependent consolidation likely occurs for tasks that are discrete in nature, do not rely on substantial perceptual processing and have performance evaluated by reaction time rather than accuracy over time.
Skill learning and cortical excitability
The relationship between skill learning and neural activity was also probed. An expected increase in cortical excitability was not observed following training in either training group. In fact, rMT was significantly higher across groups after training, indicating reduced cortical excitability, specifically at the neuronal membrane level (Wassermann 2008) . These data indicate that one episode of skilled finger-tracking training does not significantly increase immediate post-training excitability in the contralateral M1. Previous work using various neuroimaging approaches has demonstrated involvement of M1 in skill acquisition and post-training memory consolidation. Other work has demonstrated increases in M1 excitability immediately following training Gallasch et al. 2009 ). Here, significant acquisition was not accompanied by expected increases in M1 excitability. This may have been due to a number of factors. It appears that skill proficiency was rapidly attained; therefore, expected increases in M1 excitability may have transiently occurred over the 20-min training session and/or during pre-training skill assessment. Previous work has shown that once a motor skill has been learned, increases in M1 excitability are no longer observed (Floyer-Lea and Matthews 2004; Gallasch et al. 2009 ). The authors suggest this may be due to changes in activity patterns associated with changes in skill performance (Floyer-Lea and Matthews 2004) . Other research has demonstrated dynamic shifts in cortical activation can occur rapidly or gradually depending on the type of motor skill trained and the relative degree to which learning has occurred over time (Koeneke et al. 2006 ). This shift may occur across different time periods depending on the skill learned and the training paradigm employed (Floyer-Lea and Matthews 2004; Koeneke et al. 2006) .
We previously reported decreased corticospinal excitability directly following training using the same tracking apparatus and similar training paradigm (Borich et al. 2011) . Here, increased rMT values, suggesting decreased excitability at the neuronal membrane level, were observed following training. We speculate that once significant skill acquisition occurred for visuospatial finger tracking, a shift in cortical activity from M1 to either subcortical or parietal associative cortices or both could explain the observed reduction in M1 excitability. This was not investigated in this study but could be empirically tested by serially assessing rMT throughout the training period to determine whether dynamic shifts in excitability during skill acquisition. Previous work has demonstrated that early skill performance is associated with widespread cortical activation but once a skill is successfully learned, efficient and localized neural processing is associated with successful performance (Walker et al. 2005; Orban et al. 2010) . Therefore, dynamic changes in brain activity patterns from those associated with naïve performance to those related to proficient may explain the observed reductions in cortical excitability after training. It may also explain the relationship between skill performance and intracortical M1 excitability at follow-up assessments, where increased intracortical inhibition in M1 was associated with increased skill performance.
Regression analyses demonstrated a significant relationship between intracortical M1 excitability and tracking performance at 12-h follow-up assessment. Higher SICI and lower ICF, indicating increased intracortical inhibition, values were associated with better tracking performance. These results compliment recent findings demonstrating a relationship between levels of SICI and level of tracking skill at 24-h follow-up assessment (Borich et al. 2011) . Here, we demonstrate a relationship between motor skill proficiency and intracortical excitability regardless of posttraining interval. Combined these results suggest that decreases in intracortical excitability are associated with increases in finger-tracking accuracy between pre-training and skill retention assessments. Interestingly, this relationship was no longer observed at twenty-four follow-up assessment. There may be multiple explanations for these findings. Contralateral M1 may be differentially recruited based on the amount and time of exposure to this skill. It has been shown using fMRI that neural activity in cortical regions, including contralateral M1, decreases following short-term visuomotor learning (Floyer-Lea and Matthews 2004 ). It appears that this shift in cortical activation can occur rapidly or gradually depending on the type of motor skill trained and the relative degree to which has been learned over time (Koeneke et al. 2006 ). As discussed above, our results and previous research suggest a dynamic nature of brain activation patterns shifting from widely distributed cortical activation during early performance and learning to subcortical activation once the task has been learned and largely automated. This shift may occur across different time periods depending on the skill learned and the training paradigm (Floyer-Lea and Matthews 2004; Koeneke et al. 2006) . Here, the lack of relationship between intracortical excitability at the second follow-up assessment was also accompanied by a lack of significant continued skill development between the first and second follow-up assessments. This finding may also support the idea that once a skill is learned, there is no longer an association between contralateral M1 activity and skill performance. This was not the primary aim of this investigation but may be an important consideration in future motor learning paradigms with serial follow-up assessments.
Investigations using rTMS to produce a virtual lesion to a specific cortical region have allowed for inference of causal relationships between localized brain regions and behavior that are time-dependent. Contralateral M1 has been shown to be necessary for post-training memory consolidation for ballistic (Muellbacher et al. 2002) and implicit sequence ) motor skill learning, but not for dynamic adaptation (Baraduc et al. 2004) or explicit, continuous, visuospatial skill learning (Borich et al. 2011) . Using the same tracking apparatus, Carey et al. (2006) demonstrated that rTMS-induced disruption of contralateral M1 did not affect initial skill acquisition but, when applied to the ipsilateral cortex, early skill acquisition was decreased. These interventional studies demonstrate that the importance of M1, both contralateral and ipsilateral to the trained extremity, for motor skill learning is dependent on both the type of skill learned and stage of information processing.
The results here demonstrate a substantial learning effect with modest changes in cortical excitability in the contralateral M1. It may be that other cortical regions were involved to a greater extent in this type of skill learning. Or, as argued above, excitability changes in M1 may have been transient and insignificant once the training period was completed. Also, the relationship between specific sleep stages and skill learning was not the focus of this inquiry but, as discussed previously, prior work has demonstrated relationships between sleep stage oscillatory activity using EEG and offline skill learning (Walker et al. 2002; Huber et al. 2004) . Future work should utilize multimodal neuroimaging approaches to simultaneously monitor multiple brain regions over the time course of skill development to understand the interconnected relationships between motor regions of the brain at different stages of memory processing. Multimodal imaging during sleep may also provide important information regarding brain behavior during different states of arousal with different oscillatory properties (Bergmann et al. 2009; Massimini et al. 2009 ). Findings from these future studies will aid in the interpretation of results from work utilizing a single neuroimaging technique or research focused on a specific cortical region.
The conclusions drawn from this work, combined with related studies in patient populations, provide a foundation to evaluate the relationship between sleep, changes in neural activity and the time course of continuous visuospatial motor skill learning in individuals following neurologic insult. A greater understanding of these processes and relationships from this investigation in healthy individuals now provides normative data to compare to future results in neurologic patient populations. Continuing this line of inquiry will ultimately provide a comprehensive evaluation of the therapeutic potential of sleep that will inform future rehabilitation paradigms in an effort to maximize skill (re)learning and restoration of function following neurologic injury.
